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I. INTRODUCTION

A contral prodlem of chemistry is the problem of the structure of chemical
substances—-ttat is, of the number and naturc of the chemical bonds which can
form hetweer various kinds of atoms in moleculese Irediction of the properties;
oither chemical or physical, of a given substance will depend upon a knowledge
of it¢ structure. Since carbon is tho eloment of central interecst in orgenic
chemistry, a comslete understanding of the nature of the bonds which can form
between carbon and other elements is of great importance to this branch of
scloncs.

If the present status of organic chemistry is considered from the above
point of view, i1t is geen lmmediately that there is one area in which both
thecreticel and experimental knowledge ure mostly lacking. There is relatively
little data, and still less understanding, concerning bonds dbetween carbon and
the transition elements (that ies, olements in whose atoms there is an incomplete
inner electron shell). In the hundrede of thousands of knowr organic compounds,
there occur bonds botwoen carbon atomg and atoms of almost all non-transition
elements. Abundant exverimental data are avallable concerning substances in
which there is, for example, a carvon-lithium, or carbon-lead, or car-sn-chlorine
tond. Theoretical descriptions or the bohavior of such bonds can be offered in
many cases. In contrast, only a randful of the known organic substances contain
a bond between a carbon atom and an stom oi a transition element. Ths principles
which govern the formation of sucrh bonds have not been put on any theoretical

basis, and the experimental cdata are so limited wus to offer no usetul bosis for
even empirical generalizat. ...

It is because of the challenge offered by this relatively unknown area in
ihe chemistry of carbon that the present program of research has Pteen undortnken.
The original proposal, dated Februsry 5, 1952, presented tre problem in droad
termn, epsentially as outlined nbove. The research contract subgsequently offerved,

anl accepted by the University of Nerth Dakota, was written by the Office of
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Nevel Ro~rrch in the same spirit £s our propesel, snd specifics simply thct the
University "shall conduct rescarch on the reactions of zctive organomotallic com-
pounis with transition motals or their inorgenic compounds, whether or not isolabic
orgenom:tellic products reosult", Such 2 broad specification allows thz contrzctor
much freasdon in the rescerch program. This fect is very much appreociated, since it
indiceztes that the Office of Neval Reseerch rogords tha projoét as properly ona of
long-range or "fundamental" invaestigotion, and it is in this spirlt thet we have
underteken the work, From tho beginning of th:s rescerch, however, it hos been
kcpt 15 mind thet such a contract lecaves to the principal investigetor the duty of
evolding =2imlass experimentation or serttored cxporiments cerried out with ne well-
dcfined objective, Every offort has been made to ke-p the program dirccted sterdily
toward tho dovolopment of uscful basic experimental date on recactlions of tho type
specificd,

The main obJjcctivo of thoe program for the perind coverced by the report hos
been to cstahlish tho stolchiometry of the remction of orgenolithium compounds
or of Grignari reegaonts with the halidas of as many of the trensition met-ls as

possible, There is & certein amcunt of published werk on the organic chemistry

In many cases, however, it is impessidble to form even & tentative opinion as to

the acture of the chermiczl raactions involved, because of the lack of stoichiometric
l=zta. The practice hes often besn simply to trert on inorgenic halide with a Ilsrge
excess of 2 Grignard rosgont, and to isolate whot products ecould be obtained from
the resulting mixture. For uxemple, th~s very curious organcechromium compounds of ¥,
Hein (soe literature survey bolow) resulted from such € resction betwoen phenyl-—
megnesium bromids and chrorium trichleridce. Among the products were compounds,
spparently, in wnicn varce, feur, or five phenyl groups sight te Ttondel o chromiue;
but th: naturs of the vrimary reaction connet oven be speculated on fnt=lligently,
vucause the number of roles of phenylmagnesiur bromide actually involved in the

rxoctinan e unknown., It appeared thet steichiometric doti, for this and rarny other
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eases, would be cssenticl to any attempt at clucidation of the chemistry involved,
Thosc investigations arc reported below. They have not proccaded as rapidly

es wes anticipeted, and this part of the program has dealt only with some of the

treasition eloments of the fourth pericd of the poriodic tables—the transition

i h Wil e

elements of the 3d serios. Thoe mein rezson for this rather slow progress was
the difficulty soxperionced in obtaining pure snhydrous inorgenic starting :
moterials, Tho halidos of the transition metals ere mostly well-known, but often

¢s hydrsted complexes. The preparation of thase same halides in strictly an-

hydrous form, ln a high state of purity, end in reasonablo quantity, has proved

in some cascs to be troublesome, The litereture of synthetic inorganic chemistry

is often of little help in thesc casos, becausc of the lack of specific experimontal
directions, or for other roasons. For examplo, products obtained by hcating hydrat-

¢d salts havc somctimes been rcported and usod as anhydrous halides, with no analysis

given, Analysis will often show that such products ars not purc, and precbably

contain oxygene At lcast half the timc of the first yecar of the project has been

devoted to the development of supplics of suitable {norganic starting materials,

nepecially anhydrous inorganic halides. This work has consisted in part of an-

alysis and testing of meterinls supplicd commercially, &nd in part of the pre-

paration 2ni analysis of our own samples and the evaluwation of various methods

for such prcparations. The results of this preliminery labor are included as

Part IIT of this report,

During the carly phasos of the work, 1t was also of course ncecessary to pre-
parz a survey of the literaiurn on the orgrnometerllic chemistry of these clements.
This literaturc was familiar to us in geoneral whean ths proposal wss written, but
the complcic coverage of the field which was required in cennection with the re-
scarch itsclf provad to be & time-consuming underteking, tecmruse of the large
nanber of subjects undor which search had to bz made, Thoe literature survey forrs

Pert IT of this raport.
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The ezparimental dnta on the roactions of helides of the transition metnls
with phenylilthiuwm ere given in Part IV, and these results arc dlscussed bricfly
in Psrt V. Bocnuse the results arc as yot incomplate, extensive discusction is
not eppropriste at this time. Somc suggestions 58 to thoe futurc program are given
in Pert VI, which is followed by tho summery, Part VII.

In conclusion of this introductory scction, it is dz2sirsble to point out
th~ lmpertznce of certain recently roported results from other laboratorics
to this rcsearch program. When the prescnt project was first proposad, very
fuw organic compounds of transition metals hed been preprred. For 1instance,
aiong fourth poried eloments, no organometellic compounds of titanium, vanadiurm,
iron, co™z:1lt, or nickel had becn isnleted, and thero were only brief references to
ill-defined scandium ani mangancse compounds, Only in the cose of chromium had
isolable substancos, somn apparcntly wcll-defined, been reported. 3Some sug-
gestive rosults had bsen obtained, particulerly with titenium, and in our
proposal it is stated that "Titanium is the elemont which . . . should ‘-~
investigeted first . . . Although the work of Gilman and Jones did not yield
isolsble orgernotitaniwr compounds, their reectlion of phenyllithium with titanium
tetracthoxide se~ms interesting . . . Our initiel experiéonts e« o o might involve
thic use of organolithiur compounds with various inorgznic titaniuwr compounds",
This propeosal wes written lete in 1950, The project did not starté, howcever,
until Junc 1, 1952, and Auring the time intervoening two significant dovelopronts
had sppeared in tho literzture., One wes £ report of the isclation of an orgzuo-
titeniuam compound, proparcd from phenyllithium and titenium tatraisepropoxlic—
that is, bhy the samc attack which we L@ cxpecteu wouwad prohadly be nost profitsble,
This work wes reportod ir a brief communicaticn by Herman and Nelson of the National
L2 Jompany. Fortunatsiy thls cemmurnicotinr sppesrad just as our rescarch was
sterting, and we wore Aablo to aveld repotition ... su.o& which hed mlrendy dbean done,
¥We have, since thon, bYeon In touch with Trs, X.lsor and EHoraan, wic have ovcen very

coopurstive in zoerding ws ifanformation about thelr work, in advance of publicotion,
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Alsn, in 1951, betweon the proposal and ths iritiation of the projoct, there
wss publishced the roport of the preperstion of dicyclopsntadicnyliron by a reactlon
of th: type spocified for study under this contract. This work wss taken up im-
rcdiatoly by several investigators, particularly by Wilkinson at Harvard, who
prcepered & whole series of "sandwich!" compounde of thls ferrocene type; including
dorivatives of titenium, venedium, iron, cobalt, and nickol.among the 31 transltion
clemunts, Whether thesec cempounds are “organometallic! 4r net 1s partly & questlon
of definition, but in any casc they certainly have a vory important bearing on the
general problom of bond formetion between cardon ani transition eloments, It will
be ncucessary to pay some sttentlon %o those compounds in future phases of our
program, Turing this first yecar of our work, new informatlon on these substances
wees being published so rapldly that it seemed best to defer any such sexpverlmental
investigotions of our own until the picturc became a 1ittle clearer,

Thus, in a field in which there hed be=n few new developments for some years
prior to our proposal, there hes in contrest een & consideredle amount of pubdb-
lication Auring the past yecar., Somc of these rccent results have anticlpeted
some of the work which we hed propesed. Howover, these developments Are cncourag-
ing in that they confirm the soundness of & propesal for research along these lines,
It may be axpected that continued lnvestigations in this fiell will yield inform—
stion, not only on yet othcr naw and novel types of chemical sudbstances, but alsc
on problems of fundawuntil importance to the chemistry of cerbon.

This rorort s an fabterin Technlcesl Repart, written to lescribe the progross
wrde during the first voear or a two-yerr contract, The contract 1s stlil irn ferce,

and thec resecarch 1s contlnuing,
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~I. SURVEY CF THX LITERATURE ON THY ORGANCMETALLIC CHEMISTRY OF
TRANSITION METALS OF THE 34 SERIES

(Arabdic numerels in parentheses refor to literaturce referetices in the

bibliography, part VIII of tha rsport.)
Gencral

A chericel element 1s classified as transiticn or non-transition according
to whether or not 1ts etom possoesses unfilled orditals in electron shells below
the valenca shell, Non-trensition elements have no such unused orbitals, and
bond formation dy these clements is sxpected te involve no lower—-lylng orbltals,
Orgenic compounls of mest of these cloments have been prepared and studied, end
are cn *he wholo wcll—-definzl substances in which the central clement has the
valence which weuld be expected in view of 1ts chemicel propertiss,

A trensition element is one in which there are unfilled orbitals delow
the valence shell. This arrangement leaves orbitals in two shells svailahle
for forming bonis to other atoms, There arc several transition series in the
poriodic takle. In this report attention 1s concentrated on the s2ries which
incluics the clements from scandium through copper (the transition elements of
the 31 series.)

Most attempts to preparc organometellic derivatives of the transition metals
heve cmployecd the reaction of arnother orgenometallic, such as & Grignard recagoent,
with au inorgenlc compound cf the metal. The cormmen product derived from such
& reaction 1s the compcund which is the result of the coupling of the organic
redlcels of tho G-ignari reagent, for instance, hrirhenyl from phenylmagnesiunm
bromide. That is, transition matel helides catelyze the iecomposition of
Grignaril reagents or other organometallics in a feshion such as

2RMgX —) R-R
Relatively few compounds with a corhon—trensition metel dondl have been isnlated
frorm such rewcuions, but Kharasch and Fiolds (68) studicd this cotalysis and

corclaied vhat thera is an orgrnomctallice Intermedlinote farmed in the coupling
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recction with Grignerd reegents, If this is true then it may be ssid that organo-
metrllic compounds of ©11 the transition metels heve been formed.

Formation of organometallic compecunds of sceniium, titanium, venadium,
chrorlum, manganesc, iron, cobelt, nickel, and copper has heen reporteds Up to
1950, howover, ne well-cheracterizod simple compound had been described, Organo-
chromiur compounds had boen prepered and studied extensively dy Heln, who re-
ported compounds in which the metnl had the unexpected co—-ordination nurbers
three, four, or five, (As far as we cen tell, this work hes not been repested
elscwhere—see below for deteils,)

In 1952, Herman and Nelson (56) reported tho isolation and thorough charac—
serization of an organotitanium compound in which the titanium hed the normel co-
valence of four, The compound was & crystelline materisl with a well-defined
melting point, and underwont many resctions typlcal of an organometallic tond
of low activity.

Sinco 1950 wuch interast has developed 2lso in a now type of orgeanic com—-
pcund of transition elements. Dicyclopentadienyliron (or "ferrocene, es it
will apparently be called), (CSHB)ZFC' wes originslly vpreperei from cyclo-
pentadienylmegnesium bromidie and ferric chloriie. The molecule hes two rings,
eech with five cquivelient C-E greupings, and an iron s2tom centrosymmetrically
placed betwecen the two rings, Related compounds cf nickel, titanium, zirceniur,
vanailum, cobalt and ruthenium have been prepered and studied by Wilkinson end
co-workers 2t Hervard, in a resecrch program which is still continuing.

Iron

The £irst sttenpt to preparc an organoiren cempsund wes mede by Wanklyn
2nd Carius (160) in 1861. Fron the reaction between ferrous iodide and diethyl-
zinc, theoy obtalncd a2 mixture of gases and metellic iron. The gases identifiedl
were ethylene, cthanc and hydrogen, the products one would oxpect 1f the rc-

action procecled by a raiicel mechanism. TRennett end Turncr (1,2) founi that

S—



phonylmegnosium bromide witr ferric chloride gavo, besides biphenyl, 2 green
8clii which contained iron, wes soluble in benzsne, and depressed the melting
point of biphenyl. No proof was given thet the substance wns £ true orgeno-
motallic compound,

Job and Reich (63) roported the preperation of ethyliron ioiide by the
ection of ethylzinc lodide on ferrous iodiie. The evidenco for the existonce of
an organoiron compound was the formmtion of ferrous hydroxide on hydrolysis of the
reacticn rmixture. Sexpleos hydrolyzed as the reaction proceeded gave more ferrous
nydroxide and less zinc hyiroxide. Champetior (11) reported th=t forrous iodido
gave en organoiron compound with phenylzinc i1odide, but not with phenylzmegnesium
bromide, His proof @lso was besed on the formetion of ferrous hydroxido on
hydrolysis. Job andi Chempotier (61,62) noted the formetlon of an unsteble organc—
iron compound in the rescticn of phenylmesgnesium bromide ani iron perchlorete,
They 414 not 1solate this comrpouni,

An entirely different type of compound 1s that prepared by Kealy end Fauson
(66) from ferric chloride end cyclopentadicnylmagnesium dromide. This product hes
the formule (CsHg)oFe, ani has beoen callei "forrocene". Miller, Tebboth, and
Tremeino (82) prepared the same compecund from reduced iron and cyclopentadiene.
The properties of the meterial arse similsr to those of an aromatic hydrocarbon,
Wilkinson and co-workers at Harvard have studied ithe chemlstry of thls compcund,
end of sirilar compounds of other metals, The iron compound 1s an orange solid,
k. D. 173-174€¢, which is very stable toward aclds and bases., It is insoluble in
weter, 104 sodium hydroxido, or hot concentrated hydrochloric scid, but will
dissclve 1n organic solvents, d4llute nitric ecid, or concentratel sulfurlc acid,
Woodward, Roscnblum, andi Whiting (107) prepared many isrivatives of forrocens
which indicate thet the compouni acts as *f 1t had two five-membercd benzenoid

rings. When 1t wes trected with acetyl chloride in the presenco of AlClg, a rald
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crystelling dizcotyl derivetive, n. p. 130—1310, was fermeds. The diacetyl
derivative would give 2 dioxine (dcccmpcsed above 200°), and 2 dicarboxyllc 2cid
(sublizod unchanged sbove 230°) which could be characterized by its dimethyl
ester, m. p. 114-115%, Cther derivatives are slso mentioned. The acidity con-
stants c¢f ferrocene dicerboxylicz acld and of benzolc acid are very similer;
ferrocene dlcerboxylic acld, pKy 3.1 x 10—7. X, 2,7 x 10~8, benzoic acld K

2.4 x 10-7. Magnotic susceptibility determinations show thet ferracene 1sa

not peremagnetic, but that the cetion which L5 produced by nxidetion of ferrocencs
1s paramagnetic and has onc unpalred electron.

Wilkinson and co-workers (106) propcsed o structure for ferrccenc in which
the twe rings, each c¢f fivo eguivolent C-H groupings, 2re tondad to &n iren atom
which 1s centsosymmetrically placed between the two rings. X-ray examination of
the molecule (14) cenfirms this structure,

Titaniumw

Cahours (8) was the first to report an attempt to preperec an orgrnotitanium
compound, He treeted titanium tetrachloriie with diethylzinc and cwtained &
hlack product of unknown cowpesiticn., He slso nbserved no reaction between the
mctal and methyl or ethyl iodide. Kohler (73) treated titanium tetrachloride
wilth phenylrhosphorous dichloride and observed no reesction. Schuman (93) ovtain-
21 ny orgrnotitonium compounds from the reaction hetween diethylzinc and titonium
tetrachloride, but Paterno and Peratoner (85) isolated a comporund TiClu.z(czuj)BZn
frem thc same reaction. This product was decomposed vigorously hy water, with
the cvolutlon of ges. Free zinc and 2 small quentity of oll was alse recovered,
The 01l was reported to contain titenlum, dBut annlysis gave values for titonium
which were 4O0% high for the velue calcul ted for (CzHg)yTi. The authors stated
thot thelr titanlum tetrachloride mey not have been pure. Levy (75) made moeny

ctvtompts to prepere an organctitonium cempeurnd, but nenc were successful. The

r:vel 111 net raoct with Aiethylrmercury, dicthylzine or triethylaluminum. Titentwe

e b
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tetrachloridic and dlothylmercury gave ethylmercuric chloride, titenium vri- ;i
chloride, &nd on unidontified gas contezining neither titanium nor chlorine. ;;
Challenger, Pritcherd and Jirks (10) treated titaniur tetrachlorido with ?é
triphenylarsonic, -antimony, ani ~bismuth and also with phenylmagneslum dromlde .?é
tni with C{-nephthylmegnesium dbromiis, Thoy did mnt get eny organotitanium com- :f;
round from tho reactions. The Grignerd rcegents ylelded chlefly coupling prod- Ji’
ucte srd a black sclid contoining trivalent titanium. Rrown ani Reli (6) 1so- ;i
latel a btrown tarry substance from the reaction of titaniurm tetrechleride with i%
toctreothylloal, Negotive results were else reported by Rezuvaev ana Bogdanov %
{B9) who trectol titanlum tetrachloriie with diphenyl mercury, with phenylrogneslunm ‘%j
g

chloride, ani with Lodiur and chlornbenzene.

Tk

¥
ot

Plots (88) reported the prepsration of an orgenotitanium compound by

b
~¥

treetment of trlethoxychlorotitenium or disthoxydichlorotitanium with tutyl é%
iy
chloriie in the preosence of metallic lithium, Thesec compounds cculd not de ;
isclated because of thelr repld hydrolysis. The chiof argument for a carbon- %
titeniur bond 1s that 1odine ronochlorlde end the reactlon products gove & srall
emcunt of n-butyl iodido. Tho pessibility of the n-tutyl lodlde arising frono :
r-outyl lithium in the roaction products seems tn have been overlooked. ;
Gilren nsni Jones (21,65) reported the 1sclation of an orange precipitate : i
fror the reactlon of tetracthoxytltanlum ~nd phenyllithlum. The orenge sollid {
cont~inzd halogen ani tetravalernt titanlum, dbut no reduceld titanium. It gave a
ceolor test, burned spentancously in the air, ani reactzi violently with water.
Uporn strnding =2t roor temverature the solli derkened and became a dblack me 3 :
from which biphenyl (32% yleli) wes extractel as the only 1dentifiel product. :
The reaction Tetwoen metalllc titeniur and dlphanylmercury produced no reaction, i
o

Titeniur tetracrlorlie with phenyl or btutylliithius gove no indication of an

orgcnotitanium conpecuni. The main proiuct with phenyllithium was tiphaiyl (5%

yicld).
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Hermrn »nd Nelscn (56) isoleted 2 crystnliine orgrnotitonium compound from
the folleowing scries of reactions! lsopropyl titanate wes treatel with phonyl-
lithium in cquimolar proporticns teo give 2 stable lithium complex of phenyl-
titanlun triiscpropoxide, which by chericnl properties and elementory anslysis
socrel to heve the formula C6H5Ti(C03H7)33L1003H7.L13r.(02H5)20. The complex waes
treated with titanium tetrachlcride, which precipitated the lithium 2s the
chloriie and frced the organotitanium compound from the corplex phenyltitanium
triisopropoxide. The organotitenium cormpound has m, p. 88—900. andi was kept
without docomposition for a yenr 2t 10°, under nitregen. An ether snlution
gave 8 slowly developing Michler's keteone color test (23); phenyltitaniurc tri-
isopropoxide reactel rapidly with oxygen to give a phenol derivative, reacted
with water to give benzene, and reactedl slowly with diphenyl ketonc to give
triphenylcarbinol, but 1t fzlled to give tenzoic acid on treatment with solid
cerbon dloxide. Thosc rcactione arc typicel of en orgnnometellic bond of low
activity. Herman #nd Nelson studied thc effects of various groups on the stabil-
ity of organotitenium ccmpounds of the type RnTix(u_n) (where R is alkyl or aryl
and X 1s 2n anion). They found thet the stability increased as R increased in
"negativity"., Aromatic R groups geve the mest starle compounds, The smeller
the volue of n, the greater the stahility. The stavility cf the compounis in-
creascl 1n the following order for different X groups: Fluoride, methoxy,
chloridie, Dbutecxy. The cther solutions of the unisnlated proiucts obtained with
phenylmagnesium broride and alkyl titonntes gave reections simller to thesc
obteinod with the crystzlline phenyltitanium triisepropexide, The titonium-—
carbon bond w=s shown teo decompose spontaneously to give phenyl raiicals. This
wis 1llustreted by the zbility of the ratericl to catalyze the polymerization
of styrecne,

Wilkinson, Pzuscn, Birwingharm ond Cetton (105) have prepered on orgonic

corpount of titeniur which is 2n2lscgous t¢ the iron comveundi ferrccene., Bis(eycle-
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pontodiienyl)titanium didbromide was preparcd by tho roaction of excess cyclopenta-
dienylmegnesium bromide with titanium tetrachloride in toluonc solution, It
forms dark red crystels with m. p. 2&0—2&30. It is to some extent hydrolyzed by
water, glving A yellow solution which will give precipitates similar to other
bis(cyclopcntadionyl)metal ions, Magnetic susceptibility messurements show
thet dis(cyclopentedicnyl)titenium didromide is not paramagnetic.

Vanadium

Supniewski (97) reported thet vonadium tri- and tetrechalides crused coupling
of the organic rziicels of various orgenomergnosium halides, Phernylmagnesiun
bremide and venndium dichloride gave biphenyl in 40-50% yicld, He found that
aliphatic Grignerdi roagents grve bettor yieclis of the coupling product. Vernon
(99) was thec noxt to report on thc roaction of phenyvlmegnesium hromide with the
helides #nd oryhalides of veneiium., Biphenyl was recovered from the reaction
mixtures apparently in direct proportion to the amount of vanadium compound
used. In one cess, that of vaneiium oxytrichloride, en unstadble organic snlid,
which gave a positive test for venadium, wes isolated. Upon hydrolysis, this
80111 yiclded biphenyl., Otherworkers (70,80) also studied the reaction of
venadium s=21lte with phenylmegnesium bremide, but did not isclete organovensedium
compounds. Kirsencv and Sazanova (70) reported that they obtained an orgeno-
vanadium compoundi which could not be i1solated,

Orgenic compounis of vancdium have hcen prevarcd and isnlated by the re-
acvion of cyclopentedienylmagncsium bromidc with vanadiwa tetrachloride (105).
Thesc corpounds arc anelogous to the iron compound ferrocene (66,82,106,107),
Cne compound is a dark greon, rather unstable, ligroin-soluble dibromide, Tho
other is a palc grcun, ligroin—insoluble .ichloride. Bis(cyclopentaifenyl)-
vanalium dichloride 1s soluble in chloraform, ethyl acetete, aud #lcohol; it
dieccmpescs on heating above 2500. In water 1t forms & green unstadls solution
which gives precipitation reactions typical of bis(cyclopentadienyl)metal inms

with rergents such 28 chloroplatinic acid, potessiun triiotlide, picric =~cid, obc
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Megnetic susceptibility moasurcments indicnatc thet bis(cyclopcntadionyl)vanadium
dichloride has ono unpaired electron., Thero was no intermotion on the moleculsr
welght of the compeound,

Chromiun

Sand and Singor (92) wore the first to ~ttompt the preparstion of an organo-
chrur am compound, Thoy trested chromyl chleridec with phenylmegnesium bromide,
but f=ilel to isolate any product of the desired type. Kondyrew and Fomin (7u)
sndi Bennett and Turner (1,2) found that the only products obtolned by treating
coroilun helides with Grignerd reagents werc coupling products. Aliphatic
Grignard reagenbelgavo saturated end unsaturated hydrocertons. The amount of
biphenyl former in the reaction of vhenylmognesiumn bromide with chromium tri-
chloride was proportional tc the amcunt of chremium trichloride used.

Hoin and his co-workers (26—53) have reported the isolation of many organo-
chroniur compounds, Thesec arc polyphenyl compounds which ore the products of the
reaction of phenylmognesiurm bromide #nd a halide or oxyhalidc of chromium, An
ethereel erulsion containing compounds of chromlum was i1solated from the acid-
ificotion of the reaction mixturo of phenylimognesium bromide and chromium tri-
chlorido, a2nd on crange-brown solid wes 1snlated from this emulsion. The solid
wos solublc in chlorofcrm, alcohols, and polar solvents, but was insoluble in
cther, It w2s shown 1o be 2 mixture of bromidos of 2 number cof crgenochrormiuc
corpounds., This crude mixturc wes purificd by troating 1t with excess alcohol
and mercurlc chloride to obtein & corplex correspending to the formula
(Céﬁsgprﬁr,HgCIQ. The corplax was extracted with alcohol, dccomposed in pyridine
with hydirogon sulfidc, ccidified with sulfuric ecid ard then extracted with
chloroform and ethcr, The purified product corresponded in Cr content to the
formula (06H5)5CrBr.1/2(CZH5)20. The product was unstaedle, 2nd on oxposure to
light and alr it decomposcd with the formation of much biphenyl. This compouni

when treated with potessium hydroxide yielded (CéHS)SCrOH.bHGC, which is o very
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Sclutions ¢  pentophenylchromiur hydroxide when trested with acids or
necutral snlts gove salts of (C6H5)uCrOH. and not of (C6H5)50r0H (with & few ex—
ceptions which include the acotate, chloroacotets, rcld carbonate, and sulfate),
The phonyl group which is lost cppears as phenol, onough biphenyl to smell, an
acidic meterial, 2nd a solid soluble in orgenic solvents, Tetrerphenyl— and tri.--
phenylchromium halides were also lsoleted from the crudec product of the re-
action between chromium trichloride and phenylmagnesium dbromide, Tetraphenyl-
chromium hydroxiidoc wes mrdo from (C6H5)uCrI and silver hydroxzideo, and trivhenyl-
chrormium hyircxide from a triphenylchromium halide #and a base, Tho base strengths
of these three polyphonylchromium hyiroxides werc meesured end it was found that
they decreassi in tho order (06H5)36r02{, (06;15)“01-01{, (06H5)5CrOH, but that
ell warn strong brscs, Tetraphenylchromiur was prepered by tne electrolysis
of (06H5)uCrI in 1iquii crrmonis at —40Y to -50°., The tetraphenylchromium was
deposited upcn the cnthode &8s 2 rei, emooth or crystalline derosit., It is quite
unstable at rocm temperaturce ond in air it becomes smeary, drrkens, 2nd evolves
the cdor of biphenyl. IV will dissolve rapidily in slcchol or weter anil changes
quantitatively into (CéﬁS)uCrOH. The rolccular weight of (06H5)u0r has not boen
determincei. (06H5)30r wes propercd by e similar electrolysis reaction., It wes
deposited on the cathode as &n amorphous brown ye¢llow matericl which 1s unsteble,
y.Cr was nlso

9
ottained hy treating (C6H5)33r1 with mctallic sodiur in liquid ¢mmonila,

splitting off biphenyl ani forming (06H5)BCrOH in =2ir, (06H

Only one solvent—free and uncemplexed orgonochromium comhound with a co-
ordination number of flvc, ond one with & co-ordinntion number of three havo
been 1solnted. They are respectively penta(beromotriphenylwnc)chrcmium bromldie,
EBr—(CsHu)B] 5CrBr, and triphenylchromium perchlorcte, (06H5)3Cr010b. Many
such corpcunds in which chromium has & co-ordination number of four havc been
isolsted, ani analyses of thesc compounds check with the calculated volues.

A1l these orgrnochronium hydroxidces ani many of thelr salts e&rc of tho sowe

color, thei of the dichremnte ion, regerdless of the cprorent valcnes of the
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chroriun,

The only indopendent irvestigntion of these compounds was mede by Klemm
eni Neuber (72). Thoy measurei tho paramagnctic susceptibility of compounds in
which thore were fivo, four and three groups bonded to the chromium atom. They

found thet ell of the compounds from all thrce series gove a magnetic moment

of 1.73 Bohr ragnetons, independent of tempereture, which indicates one unpaired

electrorn in tho molecule in every case. This would indicate that chromium is

&

pontevalent in all of these compcunds, thus making Hein's formulas in errer or

in need of revision. It i1s not clear frorm Klemm and Neuber's peper whether

3
i
=
2
=

they obtaincd their orgonochromium compounds from Heln or whether they pre-
pared the compounde inicpendently. There i{s no other record of ony independent
confirmation of eny of this work on orgonochromium compcunds.

No rerctier. of organochroriun comprunis with cartonyl or unseturated

groups 1in cther moleccules hes been reported.

=3 :‘L-vJ‘}‘iz"amw’:\:ﬂ:sa&l’- H

Scandium 4

3

The only refercnce to an organoscandium compound is by Plots (87), in '%
which the preparetion of tricthylscendium mcno-etherate from ethylmagnesiuem :
proride and scandium trichloride is reportei, The compound is 2~ 1liquid which 'i
-

0
boils at 170-172 , oxidizes readily, ani decompnses promptly in water,

131

Mangenese

1.4
-?kh_'

%4

Therc are very fow refercnces to organometallic compounds of manganese

¥

17 the literaturc. Gilman and Bailie (19) mention the preperation of phenyl-

thie s

rangrnese Yedide from rm=nganous lodide and phenylmagnesiur iodide. The product

w=2s & chocolate brewn solid which gave both bipheonyl and benzenc on hydrolysis,

+¥

It was inflamnmntle and gave bdbiphenyl orn moderate pyrolysis. The solii anslyzed
for 2 rizturc of phenylmangenese iciide end diphenylmanganese, although the

authors statc that it may not contaln divalent rangancse.
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Plots (88) mentions thet organic derivetives of menganese will form, but
ho givas no experimantal -lctails,

Cobelt

The early work (22,68) on the reaction of Grignard reagents with the en-
hyircHs hnlides of cobtalt gave, in most ceases, coupling products in nsarly
100% yields,

2 RMgX - 200X2 ——= R-R <+ 2MgXo + 200X
Ingles #nd Pnlya (60) were tho first to report the isolstion of an orgenncobnlt
compound. Crgenocobelt ®romides end iodides were prepered from Grigneri re-
egonts, RMgX (R = 1- or 2- nephthyl; dromide or iodide), and cobelt halides in
cthorenl solution., The products were of the type RCoX3, RyCoXp sni R3CoX.
Thcy were nll crystelline solids which decompneed over & range between 130-160°.
They wore cnalyzod for cobalt and halogen, and the results agreei well with the
cr.lculated velues, The orgenocodalt compcunis prepered from phenyl end from
~lirvhetic Grignarid recagents were impure.

Vilkinson (104) has prepared orgenic compouris of cobalt which are analogous
to forrocone. The compoundis which were proparei are selts of the ion (C5H5)2Co4:
which is cellod tha cobelticiniur ion. The ion wes preparcd from cobeltic reotyl-
=cetcnate end cyclopenteilenylmagnesium bromide in bensene.

Th2 1on 1s very steble onil 1s unaffected by belling with cither agua regla
or concentreted sulfuric ecid, or with dilute 2lkolies =lone or even in the
presence of hyidrogen pernxide. Fuming with perchloric acid will destroy the
ton. COrystsllinc precipitetes csn be obteined with silicotungstic ecli, plcric
ecid, chloropletinic acii, potassium triindide or others. Cotelticinium hydraxiie
w:s mrde 1n aqueous solution by the action of silver ozidz o.. the chlorids solu-
tion. The lonizctinn constent of the bhese is 8.2 x 10—3. Magnotic susceptibility

reassurcizents on cobalticinium plcrete show that the sa2lts of the coralticiniwe

fon er= not peramegnotic. Unsuccessful ettempts wers made by FPage onl Wilkinsor (8&)
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to preparo cobrlticena, (CSH5)2CO’ by controllel~potentiel olectrolysis of e
noutrel 0,001 M cobelticinium perchlorete solution.

Nickel

Job end Reich (64) were the first to report the preperation of an organo—
nickel compcund, Thoy treated phenylmegnesium bromide end en excess of NiClp
with ethyl~ne, end thon hyirolyzed the mixture. The products of the rezction
wero ethmrnc, cthylbdbenzene, styrolenc end bdbiphenyl. Since previous investigators
1soletol only athylbonzene from the reection between cthylcenes and benzene in
the prescnce of A1013. the suthors concluded that an apenonickel compound
is an intermodiate in their reection. No such compound wss isoleted.

Other authors (22,60,68) have attompted to preparc orgenonickel cormpeunds
by srecting tho enhydrous halides of nickel with Grignerd rengents. The results
have led almost ezclusively to coupling products £nd not to organonickel com—
vounis.

Wilkinson, Pruson, Birminghem and Cotton (105) have prepsred an organic
compcunl of nicksl which 1s cnelogous to the organoiron compouni ferrocene.

Cicyclopentedicnylnickel wes preparad »y the reactlion of

[¢]

yclepentadienyi~
magnesiun bromide with nickel ecetvlacetonate. It forms derk green crystals
from ligroin which 1lecompesc slowly even 1n the sbsence of eir and light., It
sublimes above 130°, but decor.poses below the relting polnt., The dicyclo-
penteilenylnickel 1on, obtzinel by oxidaticn, gives precipitates with silico-
tungstic acid, potessium triioiide, ectc. just as 4o th: ferricinium (107} snd
cobzlticinium (104) ions. Agqueous solutions of this ion arc rath-or unstable ard
iccompese in 2 few minutas. Magnetic susceptibility measurements show that
ilcyclopentedienylnickel has two unpeiredl electrons,

Copwer

Buckton (7) treasted cuprous chlorida with A1ethylzinc and obtsined nz
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orgenometellic corpounds of copper. The cuprous chloride was reoduced to metellice
copper., Wanklyn and Carius (100) attempted the same reccticn with the same re-
sults. Franklyn ani Duppa (17) trented copper metel with diethylmercury and
obteined only & mixture of goses end no elkylcopper. In 1915 Kondyrew ond Fomin
(74) trceted cuprous helidos and cuprous cyanide with Grignerd reagents. With
aliphatic Grigneri reagents the products were & mixture of snturstesi snd un-
srturato-d hydroe»rbons, With arometic Grignerd reagents they obieined coupling
products.

Reich (90) was the first to report the isnlstion of ean organomotrllic com-
pound of copper. Ha prepared phenylooppe:~ by the action nf phenylmegncsium
trezide on cuprous iodide in 4ry ether., It was isoleted as a2 grey powder which
¢°ve tiphenyl in 95%¢ yield on bsiling with tanzene, The compound when heated
~lon: gave vapors of biphenyl and A red copper powder. With water the products
w:r: benzene and cuprous nxlide. Ethylcopper wes formed by a2 similar reectlon,
out it could not ©s iaolated.

Gilmer. and Straley (24) also isolrted phenylcopper as a white powder frow
thic resction between phenylmegnesium i1odide and cuprous 1odide at 9. The phenyl-
copper wes unsteb®le znd decomposed in elr to form biphenyl., With weter {4 gave
25-26% of hiphenyl end up to 36% of benzenc, With benzoyl chlorids it gave
b.nzophenone (55% yleld); with allyl bremide, »1llylbenzenc (31%); and with
acetyl chloride, ecetophenone (48%)., p-Anisylcoppar wes rlso preprreci, from
p-anisylmagrnesiun bromide and cuprous iodide, This corpound when trest-d with
seintyl chloride in ether geve bl-p-anisyl. Fthylcopper was preoered from
sthylrsgnesium fodide and cuprous i1odidis. Troatment of this compound :jth
c.nzoyl chloride in sther geve 2 22% yiali of proplophercne,

Boltk, Whrluy, ond Sterkey (5,103) preparad 2 series of organocopper enm-—

pounis from the cerrespending dlazonium borofluorides snd metallic copoer in iry
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benzons cor tolusnc, Phenyl-, p-ritrophenyl-. e-nitrophenyl-, z-nitrophenyl~,
p-tolyl-, ond p-sulfonamidophenylcopper were prepered in this way. No attempt
wes made to isolete ths orgenocopper compcunds; the roactions carried out with
thom wore performed in solution., None of the compounds would give a Michler's
xstone color tost. Butyl bromido roacted with phenylcopper, but not with o-
ritrophenylcopper. Other ovidence of the preosence of an organocopper compound
was given by the reaction of phenyl- &nd o-nitrophsnylcopper with chloroacetyl-
chloridie to give piisntcyl- and o-nitrophenacyl chloride respectively.

Gilmen, Jones, &tru Woods (20,25) prepared a snlid orgenocopper compound
from the reection of a methyl Grignerd reagent or methyllithium compound
and a cuprous sclt, This solid was unsteble and decomposed to form copper and
ethane, When dried in the eir it explodnd viclently. The reaction of cuprons
1-iide and methyliithlum produced a sclution of methylcopper which gav~ a
negstive Michlerts ketone coler test, This yellow solution when reacted with

»enzoyl chloride gave a 56% yleld of acetophenone,
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IIT. ANHYDRCUS HALIFES OF TRANSITION ELEMENTS NF THE 34 SERIES--
LITERATURE SUMMARY ANT EXPERIMENTAL TATA
Generel

This portion of the report contzins a cenllection of litersture on the
anhydrous halides of trensition elements of the 3d series, and slso the re-
sults nf our ovn experimontal work pertaining to the preperction of these
suhstences. The collection of data is not a complete litereturc gurvey,
but 1s intondsel to serve es o practicrl guide to the probable best methods
of prepering these halides, eni to such facts of their chamistry as seem to
he of intorest for our purposes. Information on color, beoiling peint, melting
reint, crystal structure, vepor density, solubility, megnetic susceptibility,
snd synthesis is given, whsre availabdle.

Although the cheristry of metal hzlides in weter solution 1s exhrustively
reported in the chemicel litersture, exact date on annydrous hzlides of elements
gach o8 these 18 in some cesss 4ifficult te loczte, and this is perticulerly
true of vraperetive methods. In the older literature preneratlons 2re often
not given in sufficlent detell to 21llow of duvlicetion, end date which would
esteblish the identity snd purity of the product are often lacking. JYor
this reason, 1t wes necessery to spend much time in this investigation simply
working out rethods for preperetion of starting materials. The methods we
heve found sultadle ere recorded here. None of them ero now, dut care has
bcen teken to recorl the exezct experimentel procedures and to give anelyses
of 811 products, so that in the future, starting meter.als can be prepared
without such delay zni uncertainty.

Iron

The anhydrous helides of ireon which hove heen preparet and which ere

evellable erc FeCl,, FeClgy, FeBrp, FeBr3 lmiFoIZ. Fels hes not beon 1soleted.

Anhyirous FcCl3 is evalleble commercially (Zestman Kodek) at & fairly low prica.
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Lalorides of iron

The synthosis of FeClg 18 icserided by Terr (68)., This preporation in-
volves heating iron wirec in & stream of chlorine gas, Tho yleld 1s almost
quentitetivo, but tho product abtsined 1s not absolutely purc, since it contolns
srell amounts of FeCl,. It can be purified by sublimétion in o strecm of
chlorine. FcCl3 consists of ®brownish black crystals, sp. gr. 2.804, m. p. 282°,
cni b. p. 3150. It 18 scludle in water, alcchol, ether, ani hydrochloric acid.
Vepor density measurcments show that 1t 1s dimeric at LLO%, but monomeric above
750° (95). The crystel structure 1s of the hexagonnl close pocking type (59)
in which each Fo ator 18 surrouniei by six C1l atoms, thrze sbove ani three below
thic Fo atom.

Fe(‘-l2 was preperei by Gilman oni Apperson (13) by the reaction of tetra-
¢"kylleed with enhyircus FoCls in cther. 4 90% yield of FeCl, was roported,

- enslysias showed it tc be of high purity, Lux (76) gives a preparation of

F-z‘-l2 in which FeCl_ is heatcd in an ntmosphore of hydrogen ot 300-350°. No

3
crnelyslis 1s given for the proiuct. Meny references in the literature report
the preporation of FcCl2 by the action of hydrogen chloride gas on iron wire,
bt with no detz2ils glven. This methel wes tried in this leboretory with
3usesss Iin obteinlag 2 product which hai the correct chlorine content. However,
this methoi wes nat suitable for the preparztion of large quantities of FeClz,

pecause the 1ron wire became ccatel with the proiuct.

ZIxperimental-Pure ircn wire wns pleced in 2 Dyrex No, 172 ifgmlition tubde,

which hel been previcusly heated strengly in a furnace o2nd cocled in a stream
of dry nitrogon gcs., Thoe ignltion tube was hested in o tube furnace ani a
strerm of 4dry hydrogen chlorlde grs wos substituted fer the nitrogen. Tho
furnece wos hestedl to rel heat, end the ferrcus chloride formsd in large,

ycliowlsh crystals on the insile of the Pyrex tube and on the iron wire.
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Preceutions were teken to insure thet no moisture would enter the system, by
plrcing Arying tubes in the lines iesding te and frem the reaction tuhe. nly
0.1 g« of ferrous chloride was obtein~d from a reaction employing epproximately
3.0 £. of iron wire rnd herting for five hours, 4&nal. Czle'd, for FeClZ: C1,
55.95. Found: Cl, 57.8,

FeCl, s a bluo-green solid, m. p. 672° and b, p. 1030°, It is soluble in
weter, tlcohol, end acetono and insoludble in ether. In the vapor Just adove
1ts bolling point, it consists of a mixture of FcCl2 and )3‘9201,L (95), dut at
1300—1500° t is £lmost all FoClz. The crystel ie of the cadmium chloride typc
(102), in which cach Fo atem is surrounisd by six Cl etoms et the corner. of &
rguler octahedron,

2romides and iodides of iron

Lux (76) prepered FeBr, _, FeBr3 end Fel,. The ReBr, was obtolned by trect-

zeny of iron with hydrogen wromide ges. FoBr2 occcure in the solld state as graen

¢c~y3tals which decompose at 3100. It is insoludble in weter, dbut will &tesolve

whizh eech Fa ctom 1s surrounded by slx Br atome. FeBr, wes vreparsd #y heating

3

iron and oromine in an evacusted tube. It 1s a very dark red dellquescent
3,114, which does not melt., It sublimes 2ndi then decomposes above 200°, FeBr,3
1s soluole in wster, 2lcohel, end sther, end only slightly solubls In zmmonie,

FeI2 was prepored Wy heating iron wire in the presence of lodine vapor.
Tl.e crystels arc derk drewnish red when they are freshly prepared, but they
becnme greylsh when exposed to 2ir., The crystels are of the cadmium ilodide
tvpe, m, Pp. 17727, They are soluble in woter,

Cohely

The helides of cobslt which arc avalleble are CoCl,, CoBr,, ani Col,,

211 of whick wese prapered by Blltz end Birk (3). CoCl, can be meie (57) »ut

in =mumonium hydroxide. The crystal structure is of the lecd lodide tyvec (59) in
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1t 1s unstable and chonges to CoCl2 in light or in & wvacuun,

CoCl2 wes preprred by preheating and drying elthor the hydrcted or com-

rercizl CoCl, st 150°

2 y &nd then trenting it with chlorine conteining hydrogen

chloride, at & 1ittle less then red hsat. CoCl, 1s pale bluoe, m. P. 735% b. pe
1049° (95). It 1s soluble in water, alecohol, acetone, methyl »ncetate, aceto-
nitrile, eani pyridine (95). The crystal structure hes six Cl atoms about

eech Co stom 2t the points of a regular octahedron. CoBr2 wag prepared by

£ process anfilogous tc that for CoClZ. but using hydrogen bromide in place of
hydrogen chloride. It is formed &s a bright green powder which is solubls in
weter, 2lcohol, acetons, and methyl scetate (95). The m. p. 1s 678° (95) eni
the spe gr. is 4,91,

CoI2 wes prepared by heeting spongy cobelt in a currert of hydrogen iodide
for 4—5 hours ot 3000, end then ralsing the terpernture to & dark red., The
spongy cobelt metel wes obtelned by heating cobalt oxelate strongly in a stream
o! hydrogon. C012 is black, sp. er. 5.68, and {t is soluble in water 2nd slightly
snlusle in alzchol ani acetone,

Nickel

The three helides which are aveilable worce prepeored by Biltz and Birk (3).

N1012 wes prepered by heating cormerciel or hydreted nickel ch%oride to
1529°, thon hsating tho dried meterizl in a chlorino-contalning HC1l streom at
¢ 1ittls less than red heat, The compound suhlimed in gold-colored crystoels,
sp. £r. 3.5. It is soluble in ammonium hydroxlde and alcohol, slightly solublas
in water, ani ir olubie in enhydrous smmonia, The crystel structure (95) is of
the cadmiwn chleoride type, in which erch Ni atom i{s surrounded by six €1 etoms
2t the cornors of e regular octzhcdren. The m. p. in & scnled tuﬂe is 1000°

(95).

NiBr2 wes proparei in a merner annlogous to thet for NiCl_ . The dried
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corpound wes herted in a streem of hydrogen brozide. The product is brownish

yollow, and is soluble in alcohol, esther, cnd emmonium hydroxido, and only

slightly sclublse in water. The crystel structure s the same &8 for N1012 (95).

NiI2 wis prepered by decomposing the hexammine of NiIz. The hexammine

:
wce przpered by treating an aqucous solution of NiIz with cercentroted ammenis, E§
werring the solution, ond than ccoling i1t., The blue nickelous hexamminclodide é%
wes ieposlited., This wes slowly heatad from 60o to 235o to irive off tha ammonic, 'E
(N1012 end NiBr2 could elso be prepared in this mcnner,) NiI2 wes produced =8 E
a black powder, soluble in water ani alcohol, The crystal structure is the -
same as that of NiCl?.
Mrnpgenese

Tre 2nhyirous haliies of mengenese which heve been prepared anc which zre

avelledble ere MnClZ. MnBr2 ani Mnl

Two oth~r hzlides, MnCl, andi MnClu, hove

2 3
~3¢n mentioned in the literature, but they are not availedle under normal ladb-—

oretory conditlons,

Manganous chleride vid

MnCl2 wes preperaod by Kharesch end co-workers (69) by heating hyirated
r&rnsenoud chloride in an oven for eight hours at 1200. This procedure was ;
employed in the present investigrtion end gave setisfactory results, ;

Ixperirentel-Hydrated mangsnous chioride was heated in an oven for two

irys at 160°. It was then placei in on ignitlon tube, in & tube furnrce, heated
to fuelon in a stream of hydrngen chloride gns, and then allowed to cool with
the hydrogen chloride still flowing. Anal. Calc'd., for MnCl : ¢1, 56.35. Founi:
iy 55885 55+98s

The cnhydrous selt 1s rose colored., According to the litersturc it hos
sn, gr. 2,977 (77), me p. 650°, 2nd b, p. 119C°. It 1s soludble in woter and

alcohol (95), and insolutle in ether #nd roronie. The results of meenctic
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susceptibility studies (77) indicets thet the corpound is prramagnetic, dut the
observed peramegnstism ig not as much as would be observed with a compeund con-
teining one anpaired electron. In tho vapor, MnCl2 ia monomeric {95), while
the crystel is of the CdClz type (59).

Mangenous hremide

druce (13) prepered mengenous bromide by adding cxcess MnCO  to o dry
2lcohollic snlution of HBr., The crystels obtained hed the formula MnBrS'CQHSCH'
When they were wermed in 2 streem of nitrogen, enhydrous MnBr was formed. The
compound is red, sv. gr. 4.39 (77), soluble in water, and insoluble in ammonia,
The cryrtzl 1s of the lead iodide type (59)., Magnetic susceptibllity messure-
ments (77) show that the sanhydrous s2lt has ferromagnetic propertics &t low

temperatures,

Manganous 1o0dide

vangenocus iodlae wes prep=red by Peters (86) by dehydrating the hydrat-d
selt in » vacuur for ten days., Thls mcthod was cmoeloyerd dy us with gonod results
in one csse o2nd poor in another,

Experimentel-To 67.5 . (3.58 r.ies) =f sodium corbonzts in 700 ml. of

wetor wes aided 150 g, of 50% mengrnous nitrate solution. The precipltated
mengenous corbonate was flltered with suction and washed with water, Tn the
sclii mengznnus carbonete wes sdded 350 g, of U7% hydrindic 2cid, which hai
bteen previously distillel in an cirmesvhers of cerbon dioxide., The mangonous
1cilde crystelllzed after eveporetlon of some of the water on 2 hot vlete.
The crystals were filter=d through 2 sintered glass filier, recrystellized
from ¢ smcll amount of weter, filterad, and placed in @ vacuum dssiccator
for 10 iays. Anal. Calc'd. for MhIz: I, 82.20. Found: 82.17, 81.92.

The anhydirous solt is white, pink or trewn depeniing upon the length
of exposurze to the air. Cur proiuct wes pirkish white in vocuum. According

to the literature, when hested to 80° the corpound decomposes ond
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flvis off inaline. It is soluble in wetor and rmmenis snd hes sw. gr. 5.01. The
crystel 1s of the CdI, type (59). The anhydrous selt, like the tromide, uis
forromegnotic (95),
Chromium
Biltz rnd Birk (4) proprred and enelyzed the following »nhydrous hrlid:s

of chromium: CrClz. CrBrz, CrIz, CrCl

3’ 3

Chromic halides

(‘-rBr3 and C-1.,.

Chremium trichloride cen be propercd by heating chromium motal to red hent
in ¢ strarm of chlorine. The CrCl3 terms =8 vislet crystals which can be sub—
1im:d nt 800-900°, This is & rather slow process for prcporetion of any very
lerge quantity of the helide, end the tempernmtures required are rather high.
This is prcbadly the only trustworthy precess, hewever, for the preparation
of ":‘Cl3 of high purity. The chromium metcl must of course be pure and tree
frorw other mstrls such s iyvon,

Methols for the preper-iion of CrCl3 from hydr=ted chremium trichloridc
heve ®ecn descrited, Such metheds weuld heve the sdvantage of eheapness »f
sterting meteorinls, snd, possidly, of nlowing the recction te be carried nut
£t tempcratures low enocugh so that glass equipkent could be employecd., In our

hends, however, such methods 4o not preduce pure CrCl The Inorganic Syntheses (54

3.
preprretion, for oxampla, gave = product which 4id not anelyze correctly for
helogen, and was contaminated with wrown material which volatilized during

attempts to sublime the CrCl .

Zxperimgntal-A 500-ml. distilling flosk wos equipped for the flash distil-

lation of ca2rbon tetrachleride, by dropping the caryon tetrachloride from 2
separat>ry funnel into the heated flask. The carbon tectrechleride vepers were
then pessed through 2 superheeter which consisted of & coilced gless tube in-
serted in bolling water, The superhecrted corheon tetrachloride vapor wes pessed
into another 500-ml. d4istilling flnsk which contained 37 g. of hydrated chromium

trichloride, This reaction flask was heated in 2 furnece, and 100 g. of corbon
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totrechloride wrs prssel in ot the rnte of one drop every 2 scccnds. When the
tcmperature of the furnace became sbout 650° the rerction was stopped. Ansl.
Crle'd. for Cr(‘-lq: Cl, 67,14, Pound: (€1, 54.22, 5L.49., An attempt wes rude
to sudblime tho p;oduct. but difficulty wes cencountored with large samounts of
Yrown mrtosizl with which it wes centaminated.

Since "anhyirous chromium trichloride™ is an the market from laboratery
supply houses, we have clso investigatad the purity of samples of such materiel,

Anslysis hes usuelly shown thet theso products are not CrCl,. Furthermore,

3"
purificrtion of such meterials by sublimation is not usunlly possible, becausc
of contamination with thec volatile brown impurity. We have in hand now a
semple of chromium trichloride from the Chemicnls Procurement Cormpony, and

it i1s hopel that & sotisfactory sesmple of Cr(‘-l3 con be obtained from this
raterisrl, It is not a pure semple (by chlcrine ennlysis), but the amount

of volctile impurity is cpperently small enough that purificzation of the

sacple by sublimetion may be possibdle,

CrCl_, is vory insolublo in water. The literature stzatces that 1t may te

3
mcie to dissolve by adding a sm21ll amount of CrClz. or by trerting (‘-rGl3 with
& roducing agent. For our annlyses, the somple wes fused with HaQCOB. Cr(‘.lq

is 2180 insoluble in agucous acids, acetcne, and carbon disulfide. The crystal
structure is e layer lattice (59), in which each Or stom is surrounded by six
Cl atoms. In the vapor the compound is monomecric (77).

CrBr3 wos prepercd (4) by heating chromium metel in & strean of bromine—-con-
tzining nitrogen for 3 hours at 1100°. The product was brownish green, sp. gr.
1,25, It is soluble in 2lcohol, but insoluble in water. The crystal structure
is very similar to thet of CrClB.
Cr13 was mede in & correspondirz renner (L), Chromium metal was hested with

iodine, in cn stmoephecre of nitrogen, to 1200°, The product wes then hertod

to 200o in & vecuum, to freo it from the sublimed fodine which it contrined.
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CrI,3 is drownish grsen in color, sp. gr. 4.915. It is soluble in alcohol and
ecotone, but insoluble in chlcroform. This compound is difficult to kecp,

becruse it decomposes on stending,

Chromous halides

Chromous chloride (CrClﬁ) wes preparod (4) by hemting chromium metol in o
strecem of hydrogen chloride for two hours st 1150—12000. The product was a
greylsh whlte crystalline meterial, soluble in weter, slightly soluble in
elcohol, and insoiable in cther. 1In the vepor the compound is a dimer (95).

CrBr2 end Cr12 were prepared (4) by reiucing the corresponding chromic salts
in ¢ hydrogen bomb., The bromido wes herted to 350-400°, end the lodiie to 300-
350°. The reaction took from 6 to 10 hours to complete, Chromous bromide
1s & whitc 0lid which turns to a yellow liquid when fused (95). It is soludle
in weter and alcohol ard has sp. gr. 4.356. Cr12 is grayish white, m. p. 790°
end spe €re 5.2. It is very soluble in wnter,

Venadiurn
The hzalides of vensdium which heve been trepered are VClz, VCl3, VCl

u’l VBr2’

V3r._, VI2 ani VI

) 3

Vencdtum chlorides

Yansdlur tetrachlorid: we.s preparoi by Mertes (78) by pacsing air-free
chlorine sver hected ferro-vanadium in 2 reaction tube. As the VC1l; wrs formed
it 4istilled out of the rcaction tub:, =nd vns collected in a receiver, Some
FcCl3 1s produced iIn thle reaction, =ni it semetimes causes difficulties in
the purification of the proluci. Th~2 use of pure vunadlum metal instenrd of
ferro-venadium eliminestes this difficulty., Thiz 1s the procedure which we
have czployecd, with goed rosults,

Experimental--In a Pyrex No. 172 ignition tube, {a Vycor tube would te
preferable) which had previously been hested in ¢ furncce end cocled in a
strozm of 4ry czrbon dioxide, there wes pleced 30 g, of 99.7% pure vantdium

retel (Venaiium Corvoratlon of Americz), Iry chlorinc gns wes nllowed to
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displace the carbon dioxids and the furneco wes thon heated to red heat with
the chlorino flowing., The vrAnedium tetrechloride distilled into & collecting
fleek which was attached to the end of the Pyrex tube, &ud which was coeoled im
en ice bath, Approximately 72 g. of crude venadium tetrachleride was obtained
from a reaction which took seven hours, Approximntoly 10 g, of unused vanadium
metel was recovered from the rcactisn chamber. The vanadium tctrachloride wes
purified by distillation fror = Claisen flrsk in an apparatus protected by a
drying tube. A "frog" wns usei to cut the fractions, in order to 21llow no
moisture ¢o enter the apperatus., Ths fraction hoiling between 151-153° was the
product fraction,

Venrdium tetrachloride is n reddish brown liquid which hydrolyzes rapidly,

m. p. -28%, b. p. 152°, sp. gr. 1.816 (95), The compound is unstable on standing,

since it dissocirtes into VCl3 end C1, (95). Mngnetic susceptidility measurc-
mcnts show thet the VClb molocule has one unpaired electron (77). In the vapor
it is monomeric, but dissolved in CC]u iv is 2 dimer. ZElectron diffraction
studies (95) indicete thet the molecule has m ragular tetrahedral structuro,

In water VClu is decomposed to HCl =and VOClZ, while 1t i8s soluble in ebsolute

21cohol, ether, chloroform, and sacetone,

Venedium trichloride wes vrepared by Simons »nd Powell (96) by hesting
VClb to 140° i{n an atmesThere of gerbon dinxide for one week. This preparaticn
we found to be satisfactory.

Exverirental-A round bottorm flesk with a side earm wes fitted with a

Frizdriche condenser and 2 thermometor which extended to the bottom of tha
flask. The flask was filled helf full of freshly distilled VCl, ond the ap-

5
parstus rlushed with carbon cdioxide s»ni maintained thercafter under o pressure
of 2bout 5 p.s.i. of CCz. while the contents were heated to 140° for ten days,

Ans1, Calc'di., for '\101,3: Cl, 67.63, X¥ound: 0J1, 66.66, 67,07,
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VCl3 is = violet solid which is very hygroscopic. Upon heeating it does
nct melt, but disproportionates into VCl2 and VClu (95). The crystal is a layer
lettice similer to CrCl3 in which sach vanadium atom 1s surrounded dy six
chlorine storms, VCl3 1s very soluble in wnter, with which it rescts to form
cxychlorides. It 1is soluble in slcohol, rcetic zcid, #nd ether, and in-

soluble in chloroform, tolucne and carbon disulfide,

Venzcdiur dichloride was prepared by Ruff and Iickfett {91) by hoating VCl3

to 8000 In & stream of pure dry nitrogen gas. The VCl3 disproportionates to

V(‘Il‘,2 end VClu, and the VClu 18 distilled out of the roaction vesscl, leaving

the dichleride as greon crystals. This method wes used in the present work.
Experirental-Anhydrous vensdium trichloride wes placed in 2 Vycor tube

end heeted t5 20C° in a stream of purc 4ry nitrogen ges. After 4 hours all

of the vanedium trichloride had beeun coaverted to the dichloride, which wns

left =3 shiny bright green crystels, Anrl, Calc'd. for VGl €1, 58.20,

5t
Found: €1, 58.02, 58.04, 58.05.

The solid VClZ. on standing in air, takes up water quite slowly. VWwhen
it 13 placed In water the crystals rre not wet by the water, and dissslve
slowly, VCl2 is insoluble in ether, It coan be sublimed by heating ~bove 1000°
(95).

Vanedium bromides

Venadium tridbromide wos nreparsd by Meyer snd Becke (79) by the sction of
brorire on powdered meteallic venadium, The reaction started at uo° 2ni the
product could be sublimed without dissoncietion, VBr3 dis g da
powier, which is soluble in water, alcohol, e#nd ethor, and insoluhble in HBr.

Ephreim end Ammenn (15) abtained light reddish vrown crystsls of vanadium
dibromide by carefully reducing VBr3 in » stream of nydrogen. The compcuni hts

sp. gr. 4.58, and & structurc (59) similar to csdmiuz 1odide, in which each

venadiur 2ton 1is surrouniel by six bromine atcms.
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Vanadium iodides

Moratto (93) prepsrsd twe vensadium iodides, VI2 and VI3° Vansndium end

1cdine hented In & vacuum above 150° yielded VIB. and when this wns heated above
280O 1t dissocieteod into VI2 snd ledine. If there wae an excess of lodlne
prosent, VI2 would combino with it to reform VI3 cbove 3000. Vanedium triicdide
1s & blrck powder, sp. gr. 4.2, which is very hygroscopic. It is soluble in
weter and athyl elcohel, and 1s insoluble in benzene, curbon tetrachloride,

ond cerbon disulfiie, Veonodium diiodide ! : violet-rose colored solid with

8Ps grs 5.0, which 1s wetted with d1fficulty by water, in which 1t dissolves
slowly. VI2 is soluble in ethyl alcobol, but not in benzenz, carbon tetra-

chloride cr corbon dlsulfido. This compound can be sutlimed ot 750—8000,

but it dissoclates to & lrrge extent into voansdium and 1odine.

Titenium
The halides of titenium which have been prepared are T1Cl,, TiClB, TiClu.
TiBrz. TiBrB, TiBru. TiIz. TiI3 and TiIu.

Titenium chlorides

Titanium tetrachleride is readlly av:1ladble commercizlly a% 2 falrly low
price. It has been made (95) by hceting titanium metal in an atmosphers of
chlerine, or more economic&lly by hecting titanium dloxide and cerbon to red heat
in an ztzosphere of chlorine. It ccn be purified by frzctional distillstion,
TiClu 1s a colorless liguid, sp. gr. 1.726, m. p. -30°%, b, p, 136°, It is
hydrolyzed by water or molst 2ir in which 1t gives off dense white fumes, In
the veper stzts it is monomeric (95).

TiCl3 wes prepared by 3chumb and Sundstrom (94} by the reduction of TiC].I+
with hyirogen at 650°. The product 1s bleck in color, but on cxposure to molst
eir 1t bYocomes violet. TiClq will not melt, but will Zecompose at L40%. It
is soluble in water, 2nd is quitc stadle to cxposure to the eir, The crystrl
structure (71) 1ie hexagoncl close packing in which cach T! atom is surrcundel

by six chlorine atoms,
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TiCl, wes preprrod (94) by henting TiC1, in a vacuun. The T1C1;, formed

wes collecved in the end of the tube, leeving the TiCl, es residue. The A4i-~

2
chloride 1s bleck, s8p. gre 3.13. It is unstrble in air, in which it oxidizes
violentiy. It 1s decorposed in water, and is insoluble in carbon disulfide,

other, or chloroform,

T{ tanium bromides

The preperetion of TiBr3 and TiBr, 1s describved by Yeung and Leoders

L
(108,109). TiBr, was preparei by hoating TIC2 and carbon in a stream of bromine
vepor carriel by nitrcgon or cerbon dioxide. The product could be purified by
distillation. TiBr, is =n ember colored solid, m. . 39, v. p. 230° (77), It
docorposes in weter, but it is soluble in chloroform, absnlutc alcohol, absolutes
ether, cerbon tetrachloride, hydrodromic ecid, and hydrochloric acid. In the
vepor TiBr, 1s monomeric (95).

TiBr3 was prepared (109) by r=ducing TiBr, with hydrogsn at 750°. Thie pre-

i
peration does not give very largs amounts of product elthough the yileld is high
since any unreectcd TiBru cen Yo recovered. TiBr3 is = black compeund which
becormes violet when exposed to molsturo. It 13 sclublc in water, &nd when hected

to 400° in a vecuur will disproportionete to TiBr, oni Ti_rua

2
TiBr2 was prepared by Young ond Schumb {110) by disproportionation of TiBrB.

It is & block povder which is voery reective. It catches firc when exposed to

moist Aalr, anil when 1t is dissclvel in weter, thare 1s evolutlon ¢f hydrogen.

On hezcting, TiBr2 will docorpose into titanium and titenium tribromide,

Titanium 1odides

Fest (16) prepered the threec iodides of titenium which 2rc xuown. TiIu wAS
prepared by the reaction of l1odide and an excess of titenium et room temper=ture.
Whaon the rezction wes complete the rerction fliesk wos herted %o 180° and pure

711 wrs condcnsed into &nother bulb., TiI, is & red sclid, m. T 1500, b. D.

I 4
2bove 360o (77Y. It is soluble in water, and monomeric in the vA2por (35). i I 8

wrg prepered by hoating n mixture of T4I and Ti. T+ 4c = Wienk enlid whieh is
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iocomposed by weter, TiI3 wes prepered by hesting 2 mixtvwe of TiIb and TiIz.
for saveral hours at 700°, ccnling slowly, end removing excess TiIu by heating
to 180°, T1I3 is & vicliet solid whioh dissolves more slowly in weter than the
other two 1odides. When heated in 2 vecuum TiI3 will dispropcrtionate to give
the other two iodices,
Scendium

Only two scendium helides zre evaileble, the trichloride end the tri-
bromide. Scendium trichloride wes prepared by Meyer and Winter (81), by the
action of a mixture of the vapor of sulfur chloride, 5201 » and chlorine on
the heated oxide. It 1s a white solid which melts at 939° (77), and dissolves
in weters It 1s insoluble in absclute alecohel. It can be sublimed ~t 2 ter—
perature botween 800 end 850° (77). The crystal structure (71) of scendium
trichloride 1s the seme as that of ferric chloride, which is hexcgonel closc
racking with six moclescules por unit cell,

Honigschrid (58) preprred scendiur tribromiie by heating a mixture of
scandiur oxide and carbecn in & stream of bromine, and resubliming in a vecuun,
It sublimes above 1000° (77), sp. gr. 3.91.

Copper

Cuprous helides

Anhyirous cuprous chloride, bromide, end iodide heve becn vprerared. The

prepar~ticn of the chloride ani bromide 13 described by Keller end Wycoff (67).
A sclution of cupric chloride wrs trented with sodium sulfite, nand the pre~
cipitatel cuprous chloride wes wohad with glecisl escetic acid, absolute
#lcohol, rnd absolute ether. Ana2lysis of the prciuct showed the correct
copper end chlorire content. Cuprous bromide was prepesred by the same method,
but no ~nelysis 1s glven for the prediuct. Anhydrous cuprous chloerids is a
white solid, m. p. 430°, b. p. 1367° (95), sp. er. 3.53. It is soluble in

hydrochloric ecid, ammonium hydroxide, and alcohol, 2nd slightly soluble in

weter. In the vepor it is dimeric (95), but not in th= crystzl (59). The
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lattcr 4s of the zinc bleni type in which each Cu 2tom hiss four Cl atoms as
nearcst nclghbors and each Cl1 atom hes four Cu atoms 28 nearest nelghbors.
Anhydrous cuprous bromide 12 2 pale greenish yol? ‘w solid, sp. gr. 4.73,

m. p. 4.83%, b, p. 1385° It is insoluble in water or acetone, but will

dissolve in hydrochloric ecid, hydirobromic scid, ~ni ammonium hydroxide. In

the vapor i1t 1s dimerized (95), but in the crystsl (59) it has the zinc blende
errangeront like cuprous chloride, Cupreus iodide was prepercd (77) by dissolving
CuSOu in wator, satursting the solution with sulfur dioxide, and adding potassium
lodlde. It° sottled out as 2 pals yellow solid which cculd be dried in 2 vecuum
desiccctors The pure compound is white with m. p. 5880, b. p. 1293° (77). It

is soluble in aqueous potassium iodide, but is insoluble in alcohol, agueous acids,

and water.

Cupric halides

Wells (101) described the preparation of enhydrous cupric chloride by

heating the dihydrste to a moderate temperature in & streem of hydrogen chleride

g2s. He gave no analysis cf the product. CuCl2 i1s a brownish-yellow powder,

m. p. 498° (95), sp. gr. 3.054, If heated to 993° 1t will lose chlorine, forming
the cuprous salt. 1%t is soluble in water and alcohol., The crystal is composel

of a series of chains in which each copper ~tom is surrounded by four chlorine
etorms end each chlorine ztom h2s two copper atoms as nearest nelghbors. Certer
~nd Megson (9), znd Helmholtz (55) heve prepered anhydrous CuBr, by slow
evaporetion of soluticns of the salt., Neither of these papers gives -nalyses
of the products obtsined. CuBr_ 1is z black crystelline solid, m. p. 198°.
When heateld to red heat it brecks up into cuprous dbromide and bromine. It is
soluble in water, ammoniaz, alcohcl, ond acetone, end insoluble In benzene.

The crystel structure (77) is very similar to that of cupric chloride. Cupric

104142 18 so unstcble that efforts te prepare it glve only cuprous 1odide &nd

1odine (95).

"
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IV. ZEXPYRIMTHTAL DATA ON RFACTION: O HALITES O™ SOME 3Q TRAFSITION

FLEMFNTS WITH PRINYLLITVIUM
Preparation of Phenyllithium

In all the reactions between phenyllithium and the anhydrous halides of
the transition motals the phenyllithium solution was prepared in the following
marnert A threc-necked flssk fitted with & mechcnicrl stirrer, a reflux con-
2anser and a dropping funnel wes so arranged that it could be kept under an
etmosphors of nitrogen. To 4.0 g. (0.57 g. stem) of lithium met-1, cut into
small pisces and pleaced in 165 ml. of dry ether, there wes 2dded a solution of
L1.5 g. of bromobenzene ir 65 ml. of ether, at such = rete that stendy reflux
wes meinteined., After the zddition wre complete, the serlution wee stirred for
en additionnl hour. The stirring wes then stopved snd the solid moterial wes
ellowed to settle out. The cle~r solution wrs decented through glass wool,
under nitrogen, into = calidrated dropring funnel. A 2-ml. aliguot of the
phenyllithium solution wes pipetted into water end titroted with 0,1 N sulfuric
zcid, with phenolphthelein ss indicetor. In most c2ses the solutions thus
prepered werc &pproximetely 1 M,

General Procedure for Renction of Phepyllithium with' Anhydrous Halides

A 8olution or suspension of the snhydrous h=1lide in 100 ml, of ~thar was
pleced In » threc-necked fl=2sk squipped with 2 reflux condenssr, a calibroted
dropping funnel, ani an all-gless mechenicsl stirrer with » semi-circulsr
bladie which fitted the contour ¢f the bottem of the flessk. This stivrser bleie
was nccesscry for officiant stirring, since thore were hesvy solids settling
out of thz rerction mixtures in mony c~s2s. The phenyllivhium wes ~died from
the dropping funnel. The course of the renction whs fellowod s described in
the section below. When the reection wos complete the rerction mixture wes
hylrolyzaod by pouring it into #n icn-coldl omroniur chlceride sclution. The

leveors were Zzprrstcl, tha athor lover wos weshodi with weter, ~ni tlo aqueous

Uk R il T AL AR i W i T Ak dtnii St b

A g Hhcne

FORE. >IN PIFPRAL o TES AR 5 By

7oAk



v

g e

«Tr S L AlE La md atlaee s ik de SR ik AR AL |

£
i
E
P
'z
5

TR R T ST I T T Y T A R T S T IR ey T T T ey

~36—
layor wes extrrceted with ether. The orgenic leyer and ether extricts were
Aried with Irierite, =nd the solvent wes removed on @ steem bath. In =11
cesecs biphenyl wrs the only product recovered from these resctions,
Methods of Determining the Stolchiometry

The metheds employed for f£ollowing the course of such remctions rs thesse
includo cclor tests, titrstions, rnd cnrbonntion., We employed the Michler's
ketcre color test or acid-bese titrstion of the raection mixtures ~fter
hydrolysis, or bhoth.

The Michler's ketonz test (23) 1s = sensitiva color test for nctive or
roderetely ective orgrnometellic compounds. It is positive for phenyllithium,
but 2 positivao test would not b2 exvected from such orgoncmetrllic compounds
2s mlight be formed frem transiticn metr~1ls, since these should be ralatively
unrszctive in eddition to the carbenyl double bend, The coursoe of ~ re~ction
involving ph:nyllithiur and nn inorgsnic hrlido can therefore, be gollowad oy
ndiing stendardized phenyllithium in increments, mcking = color test ~fter
each additicn, and determining the 2mount of phcnyllithium necessary to
produce n Tositive tust, The t-st is guite sensitive, #nd is produced by
a rather sm=l! excess of phenyllithium. The mein drewbeck to such & pro-
cedure, which is guite similer to a titration, is thet the eni of & rarction
mey 8z approached quite slewly, becruse of the low concentrmtlons of reactcnts
prescent near the end point. In the presence of metrls whose lons ~re greenish
or bluish in weter solution, the tast crennot be used., On the other hoend, it
is interfercd with by very few orgrnic substances, ~nd 1s rzther soecific for
orgenometrllics of the types mentionecd.

In the titration vnrocedure, theras is ~dded an -xcecss of stond-rdized
phenyllithium solution, ~nd thereafter e2liquots of the renction mixture arc
withdrawn from timc to time, hydrolyzed with watcr, end titr-ted with stoéi-ri

sulfuric ~cii solutinn. In this c¢-

s, gince excess raosrent is prosent, thoe

faretlop WAy Proes~l v cexmpiation fostows TR Bltretlom fas of oeurs iy md
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spucific for cn ccetive erganomstellic such =s phenyllithium, end =ny dbesic
roterisl present will be titrrted. Thus it is necesszry to interprct the
rzsults with duc consilderstion of what bd=sic substances, other thon lithium
hyiroxidc, might bs formei during hydrolysis. Other difficultics cnceunterci
rre those which would in generel be expected in ecid-base titrmtions in which
ther: 2re present verious tronsition motrl ions——buffering eftecte, crlor

Interferenco with visuel indicetors, end so on.

Rrsctions of Phenyllithium with Anhydrous Halldes

‘Reaction of vrn~dium trichloride with phenyllithium

The phenyllithium solution wes ndded to 7.0 g. (0,041 mole) of vonrdium
trichloride in 100 ml, of ether, over » period of L5 minutes, A tot2l of 0.2
roles of phenyllithium were zdded. Color tecsts could not bz usel in this ex-
periment becrusa of the grecn color of the vinadyl ion which interfered with the
teste Titrotion of hydrolyzed nliqusts, using e pH meter to lctormine the
cend point, was the procedure employed.

The r:2ction mixture wns herted to roflux for four deys, =fter which it
weg hylrolyzed end workel up 28 described adbov:. Tae: titrrtions showzd thot
N.16 moi»8 of phenyllithium hnd been used, or thtt 3.98 moles of phenyllithiun
were usel fer each mole of venndium trichloride. Removel of the solvent
from the orgrric lryer grve 8.0 g. of crude biphenyl, m, p. 62-66°, The
color of the rcaction mixture veried from brown, #fter the eddition of onn
equivalent of phenylliithium, to purple, which wos the color of the re=ction
rixturc efter the nddition of more t*~n onc equivrlent of vhenyliithium,

This re=ztion was reperted twice, using the s~me smeunts of mrteri»l, with
similar results, The ylclds of crude biphenyl were 11.5 &, =na 6.0 g., and the
titr~tions shownd phenyllithium~von~2iur trichlorids weler rotios of 4.07 »ni
32,99 respoctively., This rocction wes =lso run ~t the tommer~ture of »n ice-s~1%

peth for £ hours, -nl thy miglur: werko 1 up c g asucl, R mevel ol W1 solvont
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under reduced pressure yielded 6.5 g. of crudc biphenyl, m. p. 63-66Y.

Reaction of vancdium dichloride with phenyllithium

The phcayllithium solution was sdded to 3.6 g. (.030 rolea) of vanadium
dichleride in 100 m}, of ether, A tot21 of 2.6 equivelents of phenyllithium
was rdded to the vensdium dichloride suspension. Nc noticentle emount of heat
wes evolved, =nd the color 1i1d not chenge from the original green. The reectlon
rixture wes then refluxed for a total of 10 days. Titrotions of 2liquots token
during thec course c¢f the resction indicated thet the venadium dichloride re-
zcted very slowly. A final titrction showei thot 2,62 moles of phenyllithium
hed reacted with erch mole of venadium dichloride. There appeared to be a lerge
amount of unrercted vanadium dichloride in the reaction mixture. There wes
isolated 2.8 g. of cruie bivhenyl, r. p. 63-66°, recovered from the dried
orgrnic layer after hydrolysis and working up of the renction mixture.

Re2ction of vanadium tetrechloride with phenyllithium

The phenyllithium was sdded to 7.%g. (0.04 molss) of vansrdium tetrachloride
in 100 ml. of ethor. The rescticn was quite vigorous when phenyllithiwn wes
addzd to the vanadium tetrachloride solution. The solution wrs originelly ¢
dark orownlish red, but it turnei greon after the nddition of ons equivslent end
then back to brown. A light brown solid settled on the inner surfrce of the
flask, After two equivnlents the color wrs brown. The reection mixture then
derkened sterdily, until after 7.5 equivalents had beern added 1t wes black
with a purple tingc. Tho:mixture was heated to reflux for three d=ys. Aliquots
werz periodic=lly hydrolyzed ond titraetod, using e pE meter to determine the
ernd Doint. A final titration showed thrst 4.59 moles of phonyllithium rercted
with cech mole of vensdium tetrschloride. The resction mixture wos hydrolyzed
on ice cold ~zmonium chleride ~nd workad up ¢s ebove. The dried orgamic layer

rielded 7.0 g. of crude biphenyl, m. p. 60-64°,
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Reaction of mengrnous chloride with phenyllithium

The phonyllithium solution wes added to 5.0 g. (0.0L0 moles) of mengrnous
chloride in 100 ml, of cther. The-color of the mangenous chloride-ether sus-
pension wes pink before the rddition of phenyllithium. As the addition continu-
od the color changed from pink through brown to ten. After 15 minutcs it be-
ccme yellow, end there was slight refluxing. A Michler's ketone color test wes
pesitive 2fter the addition of 0.9 equivslent of phenyllithium, dut a2fter stir-
ring for an hour ond ¢ hrlf A color test wss negetive. After the nddition of
1.2% equivelents of phenyllithium the color of the rezection mixture was bright
yellow, and # color test wes positive. The mixture wes refluxed ond stirred
for two days. Color tests were all positive during this time, An aliquot wrs
hydrolyzed anil titrotzd and showed th-* ,039 molcs of vhenyllithium were used
or that 0.98 moles of phenyllithium reected for cach mole of mangincus chlorides

The reascticn mixture was filtered, hydrolyzed =nd workedi up as tefore.

The filterel solids, when 2llowel to become 4ry on the filter peper, decomprsed
with the evolution of hert 2nd dense white fumes. No open flame wes ohearved,
Removel of the solvent from the dried organic leyer gove 2.3 grams of crude
biphenyl, m. p. 63-66°.

This experiment wes repeatod using 7.5 g. (0.059 meles) of manganous
chloride, to which wzs aided 0.24 moles. of phenyllithium. The color chonges
ver: thz same except thet with this excess of phenyllithium the reaction mix-
turs became slightly greznish. The progress of the resctinon was followed by
hydrolyzirg aliquots and titr-oting them with 0,2 N sulfuric rcid, using 2 pH
roter to determine the end peint. After 3 drys the titrations showed that €¢.06
ooles of phenyllithium hed been uscd or thzt 1.00 mole of phcnyllithium rencts
with cech mole of mangenous chloride. Attsr hydrelysis, distillation of the

iry ether layer grve 3.5 g. of crude biphenyl, m. p. 6L-67°.
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Asnother recction wes conducted at the tempercture of »n ice-sz1t bath,
Menganous chloride usei wes 12 g. (.087 moles). After 5 hours ~n aliquot wes
nyirolyzed snd titr~tazi, =~ni it showed that only 0.28 moles of phenyllithium

raected with esch mole of mengrncus chloride. The resction mixture wes hydrolyz-

ed and worked up #s before. The Aried other layer was Aistilled under reduced 1

- i

pressuro to yield 1.5 g. of crude biphenyl, m. p. 61-64°.

Rerction of mangenous bdromide with phenyllithiun

The phonyllithium solution was sdded to 12.4 g. (0.058 moles) of manganous

bromide in 100 ml. of =ther. Before the addition of phenyllithiur the

monganous
bromide-cther suspension was ten, but after the oddition of # few ml, of phenyl-
lithium the color changid to green. Slight rerluxing occurred., A drrk green

solid formed on the side of the rerction flask where the phenyllithium wes onter-
ing the flask, A Michlor's ketone color tcst was negrtive ofter the =ddition of
0.9, 1.1, ani 1.9.equivelents of phenyll$thium. A positive test w=s obteinet
after the addition of 2.1 equivrlents of phenyllithium »nd the test remsined
positive efter refluxing the mixture for one dey. An aliquot wes titrated with
0.1 N sulfuric acid, using phenolphthalein es indic=tor., This showed that 1.75
roles of phenyllithium hrd rescted with cach mole of mengrnous dbromide. The re-
action mixture wrs green, with rust-colored solid in it. The solids were filter-
ed »nd the filtrats was hydrolyzed end worked up es msual. The filterel solid,
when 4ry, decompesed with the evolution of nert cni dense white fumes. A snmple
of the residue from the decorposition grnve » positive test for carbon. Distil-
lation of the 4rie¢d orgsnic lryer geve 3.9 g, of crudc biphenyl, m. p. 57-68°,
This experiment w~s repested. The color chenges in the reaction mixture
were the srme, Unlor Scoczts were not used, dut 2liquots were hydrolyzel =ni
titrrt~d to dstermine th: pregress ¢f the rersction. iftaer three deys, titrntions

showed that 1.56 moles of vhenyllithiws reected with coch mole of mongrnous

bromide,.
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Roection of ferrous chleoride with phanyllithiun

o The phanyllithiur solution wes mdded to 9.5 g, (0,074 molzs) of ferrous
§ ’ chloridie in 100 ml. of sther. The ferrous chloride solution wes greonish yellow
é before the 2ddition of phenyllithium, but become darker and finally black sfter
t o few ml., he4 becn fided. Titretion of hydrolyzed sliquots of thc reaction 4
B mixture znve Inconsistsant rosults, so coler tests were used to determine the
E arount of phenyllithium used. The reesction mixture wes herted to reflux, nnd
e color tests were taken =t appropriste intervels during the addition of phenyl-
§4 lithium. The tests were 0ll nogstive efter e2llowing the reaction mixture to
£
: run for o fow hours nfter each e4dition. A tetol of 0,23 moles of phenyllithium
wns ~4ded, =nd efter 2 deys & cclor te3t wes negttive, showing thet more than 3 :
: & zquivelents of phenyllithium rercted with each mols of ferrous chloride. :
? Tils experiment wes reportod with 6.6 g. (0,052 moles) of ferrcus chloride.
= ‘ A negetive color test wns obtrined efter 4,7 aquivalents of phenyllithium had
been added, This wrs after fifteen dsys in which the rerctlion mixture wsas :
% stirrei ani refluxed during the day end allawed to st=nd 2t night. A totnl
§ of 5.6 oquivelents cf phenyllithium wes then sided, snd =fter 2% days of
j similer trertment & color test wes still positive,

A third experiment wrs psrfarred in which 9.24 roles of phenyvllithium wes

8

ndded to C.164 moles of ferrous chloridie. The resction mixture wrs refluxed
for six heours cnd & color test wes reg=tiva, The rosction mixture wis hydrolyz.-
ol on sn 1cz2 cold emmonium chloride solution, and workei up &s usu?l. The

i iricd orgsnic leyer yiocliz2d 15.0 g. of crude biphznyl.

Rerction of ferric chloride with phenyllithium

Th> phenyllithium solution ws =1ded to 9.0 g. {0.055 moles) of ferric
chloride in 125 ml., of cther. The farric chloride sclution wes initislly brown.
After the ~idition of = fow mi. of puenyllithium, £ yellow solid settlad from

the recction mixturc, wnilo the <th-r solution romsind i-rk trovn, Ls ~diiticn

L



;i

s AR ACTEVAPTITY

v

PR, AT AN

23

B

R

~Lo
continued the resction mixture beceme dork-r, snd sfter one »nd one-hslf equiva
lonts of phenyllithium hrd been rdded the color hed become bleck. Colnr tasts
were negative until 4,1 equivelents of phenyllithium had been added. After
thrse drys, during which thn reaction mixture wes refluxed 2nd stirred, the
color test wee 8tlll positive.

This experiment was repented using 6.5 g. (0.039 moles) of ferric chloride.
After 3.7 equivalonts of phenyllithium was added 2 color test wes negsative,
tut after 4.2 oquivalents hrd been zdded, the color tests were positive during
# three day period during which the reaction mixture wes stirred and refluxed.

A third experiment wes perforrmed in which 3.9 equivalents of vhenyllithium
w:s rdded. A color tast wes positive immedi=tely. Aftor & totel of 4,05 moles
of phenyllithium had been rdded, the recction rixture wos refluxed for an hour,
hydrolyzed on ice cold ammonium chloride, rnd Worked up &s usunl, Distillstion

of the dricd organlc layer ylelded 9.7 £. of crude biphenyl,
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V. DISCUSSION

In the series of experiments to dstermine the steichiometry of the reactions
tetween phenyllithium and the anhydrous helides of the trensition metnls, three
of the seven compounds studiel geve phonyllithium-helide ratios which were whoie
nunmbers, Wwhile the other four gave frectionel ratios,

Venadiur trichloride, ferric chloride, and mengansus chloride all gavse
whole-number ratios, In the cese of ferric chlorids =nd manganous chloeride,
tho rerction wee quite repid, end the final ratios were arrived ot in = few
nours. Vanadium trichloride reectad quite rapidly with the first three equive-
lénts of phenyllithium, =»nd then quites sl wly with ths fourth,

Mangenous bromide roacted repldly with phenyllithium to 2 point, and then
the reasction seemed to stop. Two experiments gave retios of 1.75 to 1 znd 1.56
to 1, and in beth cases these retios were reached in a few hours, ~fter which
no change occurred J{or 3 days. Vanedium tetrschloride reacted rapidly with four
equivalents of phenyllithium, dut then continued to reect further, Two exveri-
rente gave retios of 4,59 t¢ 1 and 4,20 to 1 after U and 5 davs respectively,
Ferrous chloride behaved similariy in thet it reercted quickly with 2 equivelents
of phnenyllithium, and then the rercticn became quite slow. After 4 drys 3 equiva-
lents of phenyllithium had been used, 2nd after seventeen deys the ratio of phenyl-
lithium to ferrous chloride had gone beyoni 4.7 to 1., Venedlum dichloride reacted
very slowly with phenyllithium, with no spparent leveling-cff point in the phenyl-
lithium-hrlide retio as the rcaction progressed. After 10 deys much unreacted
vanfdium dichloride could be seen in the reection mixturc indic=ting eithsr that

the reaction would preceed further, becouse all tho halide had nobv been used,

or
possitly thet none of the original hel!de had beeon used, that the halidc was
acting simply as 2 catalyst in the reaction.

Solubility of the various helides in ether sesmel to have little offect on

tho reactions, except in the speel of the reaction., Tho hnliies which were in-
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soluble in cther rencted & little more slowly #nd less vigorously, but cven

~mong these there were differences., Of the four insoluble helides studled,

vanadium dichloride was the only one which feiled to renct with pheayliithium

within en hour in refluxing sether,

The length of time is mnother factor determining the stoichiometry of these

rcactions., In thesec experiments, the reactents were allowad to stir 2nd reflux

until it appeared that ro more phenyllithiur would react. In the case of vanadium

1ichloride end ferrous chloride it sccmed that the resction wonld continue as long

as thc reectents were in contact. If continued long enough, the resctions in-

volving the other halides might procecd further, dbut if so they would be very slcw.
The ylelds of biphenyl from the reactions ranged from 53% in the cnse of

bnBr, to 914 for MnCl, (ses Table). If Gilman =and Lichtenwalter (22) were
correct in thelr suggestion that the ext-nt of couvling is = rough r=asure
of the thermel stability of en intermedirtely formed orgenometsllic corpound,
then 1t apperrs 28 if the orgenometellic compound obtnined with MnBr, would be
the most likely to be stshle,

. Since this series of studics is not complete, 1t is not very orofiteble to
attenodt, &t thls time, to discuss ths pessible reesons for the results above,

It 1s hoped thet, 1f such date can be gsthered for all the 3d transition elements,

comparison of the results may make cleer the reasons for some of the differences

in hchavior,

T TR ¥ TN

wHiagdh ¢

SYRE X



. ﬂamigﬁﬁ!!!ﬂi!!k |

e

4748

..L;,5...
TABLE 1

REACTION OF PHENYLLITHIUM WITH ANHYDROUS HALIDES OF 33 TRANSITION ELEMENTS

delide Molar ratio Method used Conterct Reflux Biphenyl yleld based
(Phenyllithium- to Cetermine time, time, oa phenyllithium used,
helide) ratio days hours percent -
vel, 2,62 - 1 titretion ) 77 65
l.45 - 1 titration 10 97 e
V01, 3.58 - 1 titration 4 14 58
3.98 - 1 titretion s 20 > 57
4,07 - 1 titrstion 6 27 -
vey, 4,59 - 1 titrrtion L 21 61
L2t -1 titration 5 39 -
FcCl2 >3.0~-1 color test L 23 e
PL,7 - 13¢5.6 - 1 color test 17 133 o
21.5 -1 color test 1 L 82
FeCl, >3.7 - 13{ 4.2 - 1 color test i 35 -
23.7 - 14 <L,15 ~1 color test 5 25 .
>3.9 - 1;<L4,05-1 color test 2/2u 1 69
bnll, 0.98 - 1 color test 2 10 86
and
titretion
1.00 - 1 titration 3 14 91
0.28 - 1 titration s5/24 * 78
MnBr2 1.75 - 1 color-test 3 7 53
and
titration
1.56 - 1 titr=tion b 33

*Zxperiment performed in ice-salt brth,
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2. A collection of
trensition metals of the

the preperation of these
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VvI. SUMMARY

literature on the orgrnometrllic chemistry of the
third period is given,

literature data on the enhydrous halides of the
third period ie given, and results of our work on

substances 13 describved.

2nd seven enhydrous belides of transition metmls is described,
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VII. FUTURE PROGRAM
Thr program of investigz=tion for the remainder of this contract is 2as follows:
(1). Continue the investigetions of the stoichiometry of the renctions of
phenyllithium with trsnsition metel helides, as described =bove, and attempt tc
complete thcse studles for the 3d transitlion elesments (with Sc 2 pcssible exception)

(2} Investigate the behavior of helides of the ferrocene type, when treated

with orgenolithiur compounds. It se-~ums evident thet o project concerned with the

organometellic chemistry of trensition met~nls should take notice of the new develoyp—

rents in the fi0ld of "sandwich" compounds. From our point of view, one of the

most interesting ceses 1s the case c¢f titonium because for this element both A
srndwich compound (105) and a typical covelent orgrnomet=11ic (56) have be=n re-
ported, It seems deslrable to investignte this siturtion further, in the hope
of producing eviience which will throw light on the question of the n~ture of

bondis which titenium can form to vesrious orgenic structurecs,
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